The relationship between environment and abundance of rhizobia was described by determining the populations of root nodule bacteria at 14 diverse sites on the island of Maui. Mean annual rainfall at the sites ranged from 320 to 1,875 mm, elevation from 37 to 1,650 m, and soil pH from 4.6 to 7.9. Four different soil orders were represented in this study: inceptisols, mollisols, ultisols, and an oxisol. The rhizobial populations were determined by plant infection counts of five legumes (Trifolium repens, Medicago sativa, Vicia sativa, Leucaena leucocephala, and Macroptilium atropurpureum). Populations varied from 1.1 to 4.8 log1o cells per g of soil. The most frequently occurring rhizobia were Bradyrhizobium spp., which were present at 13 of 14 sites with a maximum of 4.8 log10 cells per g of soil. Rhizobium trifolii and R. leguminosarum occurred only at higher elevations. The presence of a particular Rhizobium or Bradyrhizobium sp. was correlated with the occurrence of its appropriate host legume. Total rhizobial populations were significantly correlated with mean annual rainfall, legume cover and shoot biomass, soil temperature, soil pH, and phosphorus retention. Regression models are presented which describe the relationship of legume hosts, soil climate, and soil fertility on native rhizobial populations.
Native rhizobia are adapted to their soil environments. However, the environmental factors which result in promotion or stress on natural populations are poorly understood. Most published work on the ecology of rhizobia deals with introduced organisms as affected by crop-induced change in soil factors such as moisture, temperature, pH, and soil toxicity (9, 16, 19) . These studies are valuable in describing the important components of the soil environment which result in the successful establishment of introduced rhizobia in cropping systems.
Lawson et al. (15) recently developed a regression model that explains changes in the number of indigenous Rhizobium trifolii as a function of host legume height and solar radiation. However, rhizobial populations are not correlated with temperature, rainfall, soil moisture, or soil type. Other researchers find a positive correlation between the number of rhizobia in soils and annual rainfall (21) .
Components of the soil environment are interrelated. The presence of a legume presupposes favorable conditions for that species's growth and establishment. For example, high rainfall results in an increase of acidity-related soil toxicity factors in many tropical soils. Consequently, increases in soil moisture, a soil condition which initially improves rhizobial survival, ultimately result in a less favorable, low-pH environment, disadvantageous to the host legume (10) and rhizobial persistence (14) .
Yousef et al. (31) relate several environmental factors to the abundance of peanut rhizobia in 66 soil samples collected from various locations in Iraq. The abundance of Bradyrhizobium spp. is related to cropping history, inferring the importance of the legume rhizosphere and residues in maintaining rhizobial populations. Soil factors that relate to occurrence of peanut rhizobia are organic C (1% or less), electrical conductivity (2 (12, 27) and the ability of introduced rhizobia to compete with existing populations (8) . The failure of T. subterraneum to become established in certain soils is related to the failure of the microsymbiont to survive during the absence of the host legume, an annual plant (3, 27) . Persistence of a soil microorganism is termed saprophytic competence and is a useful criterion for selecting superior Rhizobium strains (5) . It is unlikely that saprophytically competent rhizobia would establish themselves in numbers greater than adapted native organisms in equilibrium with their environment. An understanding of the ecological determinants of native rhizobial populations is therefore important to the successful introduction and establishment of inoculant strains.
The island of Maui provides an excellent opportunity for the study of environment-plant-microbe interactions. The climate and soils vary as a function of elevation (from sea level to over 3,000 m) and orientation to the northeast tradewinds, which determine the amount of rainfall (from <300 to >9,000 mm annually). Soils are generally more highly weathered, phosphorus deficient, and acidic and have higher clay content with increasing rainfall. The University of Hawaii has a network of 22 characterized sites, along rainfall and temperature gradients, collectively known as the Maui Soil, Climate and Land Use Network (Maui Net) (23) . Each site is equipped with instruments to monitor soil and climatic variables for a computerized multiuser data base.
To describe the ecological determinants of native rhizobial populations, a study was conducted along two transects (wet and dry) ranging from 37 to 1,600 m in elevation. These sites include four soil orders varying in soil pH from 4.9 to 7.9, organic matter content from 1 Seeds of L. leucocephala and M. atropurpureum were treated with concentrated sulfuric acid for 25 and 5 min, respectively, followed by repeated rinses in sterile distilled water. Seeds of G. max and V. sativa were sterilized with 2% NaOCI for 2 min, followed by repeated sterile-water rinses. Seeds of T. repens and M. sativa were shown to be rhizobium free. All seeds were germinated on 1.5% water-agar petri dishes except for T. repens and M. sativa, which were planted directly into nutrient solution-agar tubes.
L. leucocephala, M. atropurpureum, and T. repens were grown on N-free agar slants similar to those of Brockwell et al. (2) . V. sativa (1 seed per tube) and M. sativa were grown in similar tubes containing an oven-sterilized vermiculiteperalite (1:1, vol/vol) mixture and sterile nitrogen-free nutrient solution. During the April 1987 determination, V. sativa and M. sativa were grown on the agar slants.
Soil samples were thoroughly mixed, and rocks and large roots were removed. Serial dilutions were prepared as described in Somasegaran and Hoben (24) . Tenfold dilutions were prepared for soils originating in the wet transect (MAR, >565 mm/year), and fivefold dilutions were made for areas in the dry transect (MAR, <565 mm/year). Portions (1 ml) of each dilution were applied to the various legumes.
The legume root systems were examined at regular intervals for nodulation. Results were recorded, and most probable number estimates were determined for the 5-fold (1) and 10-fold (29) dilution series. The lower limits of detection for the 5-fold dilution and 10-fold dilution series are 1.1 and 6.0 cells per g of soil, respectively.
Model development. A matrix of biotic and abiotic measurements of the environments was assembled, and stepwise regression was performed against the total rhizobial population with SAS regression analysis. Soil chemical and physical properties used in this analysis were organic carbon (percent); total nitrogen (percent); sum of the base nutrient ions (milliequivalents per 100 g of soil) in the CEC (Ca2 , Mg2+, K+, and Na+); clay content (percent); phosphorus retention (percent); and soil pH. The average annual temperature, the mean of the monthly maximum temperatures, MAR, and legume cover values were also included in the analysis.
RESULTS AND DISCUSSION
The number of native Rhizobium and Bradyrhizobium spp. for five test species at 14 sites is presented in Table 2 . All soils contained Rhizobium and/or Bradyrhizobium spp. The greatest variety of Rhizobium and Bradyrhizobium spp. was observed at the Pulehu, Pasture Kekoa, and Kula Station sites; each had four different species. One site had three, seven sites had two, and three sites had only one species. The presence of various legume hosts was stratified by moisture and elevation (Table 1) , and a similar pattern was observed in the distribution of their microsymbionts ( Table  2) . Of the 70 site-by-species determinations, 34 were devoid of both host legume and the specific rhizobia; 32 were found to have both host and microsymbiont; at 2 sites rhizobia were found in the absence of their host; and at another 2 sites hosts were observed but their Rhizobium spp. could not be detected. There was a coincidence between the presence of legume hosts and rhizobial populations 94% of the time. This provides quantitative evidence for the "striking correspondence" between host and rhizobia proposed by Nutman and Ross (18) .
In the initial greenhouse experiment, Bradyrhizobium japonicum was not found at any site. Host legumes associated with B. japonicum did not occur at any of the sites. Total rhizobial populations varied from 1.1 to 4.78 log1o cells per g of soil. Native populations of R. trifolii were present in the thousands per gram of soil when clover constituted a large part of the plant stand, whereas when it did not, populations were much smaller, e.g., at the Pulehu Experimental Farm.
R. meliloti was present at four sites but in low numbers even when its specific host legumes were present. Medicago sativa is capable of forming nodules with R. meliloti strains of other effectiveness subgroups (28) , including M. polymorpha, which was found within the sample areas. [29] ). Isolates from the root nodules of this legume were all Bradyrhizobium sp. These occurred at all sites except Puupahu, which lacked any associated host legume. Generally, Bradyrhizobium sp. occurred in low numbers (1.1 to 2.8 log1o cells per g of soil) along the dry transect and in high numbers (3.5 to 4.8 log1o cells per g of soil) along the wet transect. Rhizobium sp. (L. leucocephala) was recovered only from sites which included L. leucocephala. Desmanthus virgatus, another host legume associated with this type of Rhizobium (6), occurred at the NifTAL Project site. Leucaena was the dominant legume species at many of the study sites. However, as a test legume it was an inappropriate host for strains of Rhizobilum sp. associated with other tropical legumes (25, 26) . Rhizobium sp. (L. leucocephala) colonized soils only at lower elevations (0 to 640 m).
In a study of Prosopis glandulosa (13), slow-growing and fast-growing isolates were recovered from the nodules in the surface soil of the Sonoran Desert. At two of the sites in our study, Prosopis pallida was the only legume present. At Sugar Waiakoa, Rhizobium sp. and Bradyrhizobium sp. were recovered from the soil, yet at Pasture Waiakoa, only slow-growing Bradyrhizobium sp. was recovered ( Table 2) . Rhizobium sp. (L. leucocephala) was always present when L. leucocephala occurred. Rhizobium sp. (L. leucocephala) were able to colonize these dryland soils despite high fluctuations in moisture and nutrient availability and deciduous habit of leucaenae at the driest sites.
The rhizobial numbers observed in the tropohumults were among the highest of all sites. While the Kuiaha soil pH of 4.9 was near the lower limit for growth and survival for rhizobial species (16), the moisture status of the soil was highly favorable to host growth and resulted in rhizobial colonization of the sites.
Except for the sum of extractable bases in the soil, transformation of population estimates resulted in higher linear correlations than did nontransformed values ( Table 3) .
The clay contents of these soils did not correlate well with native rhizobial populations. The soils used in this study had kaolinitic, oxidic (22) , and amorphous (30) Our results show that high densities of Bradyrhizobium sp. occurred in low-pH soils (tropohumults) and in soils high in organic carbon (eutrandepts and dystrandepts). The correlation of rhizobial populations with CEC was not directly tested in our studies, but the poor correlation of rhizobial abundance with clay content (r = -0.06), organic carbon content (r = 0.02), and total extractable bases (r = -0.25), three soil conditions which directly affect CEC, suggests that the charge characteristics of soils influence rhizobial populations less than soil moisture (r = 0.80). The earlier studies (31) address a subgroup of Bradyrhizobium spp., those associated with peanut, in soils varying in pH between 7.1 and 8.4. Our studies included a broader-host-range group of Bradyrhizobium sp., which nodulate the promiscuous legume Macroptilium atropurpureum, and a wider range of soil environmental conditions, pH 4.9 to 7.9.
The importance of soil moisture and legume cover on the abundance of native rhizobia is presented in linear regression models (Table 4 ). The linear model, which includes MAR, legume intensity, and the soil base nutrients, explained 90% of the variation in rhizobial populations. The amount and distribution of rainfall directly affected soil moisture, which determined the survival and proliferation of rhizobia as well as growth of the host legume. Legumes served to maintain rhizobia in the soil through rhizosphere effects and senescence of nodules. The total extractable bases was a direct measurement of soil fertility as well as 
